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SEMICONDUCTOR DEVICE WITH AIR GAP
AND METHOD FOR FABRICATING THE
SAME

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application 1s a continuation of U.S. patent applica-
tion Ser. No. 14/994,238, filed on Jan. 13, 2016, which
claims priority of Korean Patent Application No. 10-2015-
0093512, filed on Jun. 30, 2015. The disclosure of each of
the foregoing application 1s incorporated herein by reference
in its entirety.

BACKGROUND

1. Field

Exemplary embodiments of the present invention relate to
a semiconductor device, and more particularly, to a semi-
conductor device with an air gap and a method for fabri-
cating the same.

2. Description of the Related Art

In general, a semiconductor device includes a dielectric
maternal formed between neighboring conductive structures.
As the semiconductor device 1s highly integrated, the dis-
tance between the conductive structures 1s gradually
reduced. Thus, parasitic capacitance increases. The increase
in parasitic capacitance may degrade the performance of the
semiconductor device.

In order to reduce the parasitic capacitance, the permit-
tivity of the dielectric material may be lowered. However,
since the dielectric matenal still has high permaittivity, there
1s a limitation in reducing the parasitic capacitance.

SUMMARY

Various embodiments are directed to a semiconductor
device capable of reducing parasitic capacitance between
adjacent conductive structures.

In an embodiment, a semiconductor device may include:
a substrate having first and second surfaces; an interlayer
dielectric layer formed over the first surface and having a
first opening to expose the first surface; a first plug posi-
tioned in the first opening; a bit line extending in a first
direction and covering the first plug; a second plug may
comprise a lower part and an upper part, The lower part may
be at the same level as the first plug, The upper part may be
at the same level as the bit line, a first air gap positioned
between the first plug and the lower part of the second plug;
and a second air gap positioned between the bit line and the
upper part of the second plug, and The second air gap may
have a larger width than the first air gap.

The second air gap may have a line shape extending in the
first direction. The semiconductor device may further com-
prise: a plug 1solation layer extending in a direction inter-
secting the bit line and providing a second opening which
may be adjacent to the bit line and the first plug and exposes
the second surface. The second plug may be positioned in
the second opeming. The semiconductor device may further
comprise: a first spacer formed at both sidewalls of the bit
line; and a second spacer surrounding a sidewall of the
second plug, the second air gap may be positioned between
the first spacer and the second spacer, and the second air gap
may have a line shape extending in parallel to a sidewall of
the first spacer. The semiconductor device may {further
comprise: a capping layer formed over the second air gap.
Each of the first spacer, the second spacer, and the capping
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layer comprises silicon nitride. The semiconductor device
may further comprise: a third plug over the second plug; and
a barrier between the second and third plugs. The semicon-
ductor device may further comprise: a pad formed over the
third plug, the pad partially overlaps the third plug. The
semiconductor device may further comprise: a memory
clement formed over the pad. The semiconductor device of
may further comprise a buried word line formed in the
substrate and extends 1n a direction intersecting the bit line.

In an embodiment, a method for fabricating a semicon-
ductor device may include: forming a conductive structure
over a substrate, the conductive structure including a first
plug and a conductive line over the first plug; forming a
dielectric plug at both sidewalls of the first plug, the dielec-
tric plug including a sacrificial liner, the sacrificial liner
having a first thickness; forming a spacer at both sidewalls
of the conductive line, the spacer including a sacrificial
spacer, the sacrificial spacer having a second thickness;
forming a first air gap at the both sidewalls of the conductive
line by removing the sacrificial spacer; and forming a second
air gap at the both sidewalls of the first plug by removing a
part of the sacrificial liner.

The second thickness of the sacrificial spacer may be
larger than the first thickness of the sacrificial liner. The
sacrificial spacer and the sacrificial liner may be formed of
the same material. The sacrificial spacer and the sacrificial
liner may be formed of silicon oxide. The spacer further
includes a first spacer 1n contact with both sidewalls of the
conductive structure, the sacrificial spacer may be formed
over the first spacer, and the first spacer and the sacrificial
spacer may be formed 1n parallel to both sidewalls of the
conductive structure. The dielectric plug includes a liner 1n
contact with both sidewalls of the first plug and a filler over
the liner, and the sacrificial liner may be positioned between
the liner and the filler. The first air gap may be formed 1n a

line shape and in parallel to the both sidewalls of the
conductive line.

The method of may further comprise: forming a second
plug betore the forming of the first air gap, the second plug
includes a lower part and an upper part, the lower part may
be adjacent to the first plug, the upper part may be adjacent
to the conductive line, and the spacer and the dielectric plug
may be between the upper part and the conductive line. The
forming of the second plug may comprise: forming a sac-
rificial layer over the spacer; forming a pre-1solation part and
a sacrificial layer pattern by selectively etching the sacrifi-
cial layer; forming a plug 1solation layer to fill the pre-
isolation part; forming a second opening by removing the
sacrificial layer pattern; exposing the substrate under the
second opening; forming a conductive layer to fill the
second opening; and forming the second plug by recessing
the conductive layer. The method may further comprise:
forming a memory element coupled to the second plug, the
conductive line icludes a bit line.

The forming of the conductive structure comprises: form-
ing an interlayer dielectric layer over the substrate; etching
the interlayer dielectric layer and forming a first opening to
expose a part of the substrate; recessing the substrate
exposed by the first opening to a predetermined depth;
forming a pre-first plug to fill the first opening; forming a
conductive layer over the pre-first plug; forming the con-
ductive line by etching the conductive layer; and forming the
first plug and a gap at both sidewalls of the first plug by
ctching the pre-first plug, the first plug may have the same
line width as the conductive line, the first air gap may be
positioned 1n the gap.
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The forming of the dielectric plug may comprises: form-
ing a first spacer layer over to cover the both sidewalls of the
conductive line and the both sidewalls of the first plug;
forming a {first sacrificial spacer layer over the first spacer
layer by etching the sacrificial liner formed over first spacer
layer; forming a pre-filler layer over the first sacrificial
spacer layer so as to {ill the gap; etching the pre-filler layer
such that a filler may be left 1n the gap; and etching the first
sacrificial spacer layer such that the sacrificial liner may be
left 1n the gap.

The forming of the spacer may comprise: forming a
second sacrificial spacer layer over the first spacer layer, the
etched first sacrificial spacer layer and the filler; forming the
second opening by etching the second sacrificial spacer layer
to form the sacrificial spacer at a sidewall of the first spacer
layer; forming a second spacer layer over the entire surface
including the sacrificial spacer and the second opening;
ctching the second spacer layer to form a second spacer at
a sidewall of the sacrificial spacer; and cutting the first
spacer layer to form a first spacer at a sidewall of the bit line.

Each of the first and second spacers includes silicon
nitride. The etching of the second sacrificial spacer layer
may comprise: forming a third sacrificial spacer layer over
the second sacrificial spacer layer; forming a plug 1solation
layer to provide a second opening, The second opening
exposes the third sacrificial spacer layer; trimming the third
sacrificial spacer layer to expose the second sacrificial
spacer layer; and etching the second sacrificial spacer layer
to form the sacrificial spacer.

The forming of the plug isolation layer may comprise:
forming a sacrificial layer over the third sacrificial spacer
layer; forming a pre-isolation part and a sacrificial layer
pattern by selectively etching the sacrificial layer; forming
the plug 1solation layer to fill the pre-i1solation part; and
forming the second opening by removing the sacrificial layer
pattern.

The trimming of the third sacrificial spacer layer may
comprise: forming a re-capping layer on the entire surface of
the resultant structure including the second opening; form-
ing a {irst bufller layer over the re-capping layer; etching the
first butler layer and the re-capping layer to expose the third
sacrificial spacer layer; and trimming the third sacrificial
spacer layer to expose the second sacrificial spacer layer.

The etching of the second spacer layer may comprise:
forming a second buller layer over the second spacer layer;
etching the second bufler layer to expose the second spacer
layer; and etching the second spacer layer to form the second
spacer.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 illustrates a plan view of a semiconductor device
in accordance with an embodiment of the present invention.

FIG. 2A 1llustrates a cross-sectional view taken along the
line A-A' and the line B-B' of FIG. 1.

FIG. 2B illustrates an expanded plan view of a line-
shaped air gap and taken along the line C-C' of FIG. 2A.

FIG. 2C 1illustrates an expanded plan view of a plug-
shaped air gap and taken along the line D-D' of FIG. 2A.

FIG. 2D 1s a diagram comparatively illustrating the
widths of the line-shaped air gap and the plug-shaped air
gap.

FIGS. 3A to 31 are diagrams for describing a bit line
tabrication part.

FIGS. 4A to 4N are diagrams for describing a storage
node contact plug fabrication part.
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FIGS. 5A to 5D are diagrams for describing an air gap
fabrication part.

DETAILED DESCRIPTION

Various embodiments will be described below 1n more
detail with reference to the accompanying drawings. The
present invention may, however, be embodied 1n different
forms and should not be construed as limited to the embodi-
ments set forth herein. Rather, these embodiments are pro-
vided so that this disclosure will be thorough and complete,

and will fully convey the scope of the present invention to
those skilled in the art. Throughout the disclosure, like
reference numerals refer to like parts throughout the various
figures and embodiments of the present invention.

The drawings are not necessarily to scale and 1n some
instances, proportions may have been exaggerated in order
to clearly illustrate features of the embodiments. When a
first layer 1s referred to as being “on” a second layer or “on”
a substrate, it not only refers to a case where the first layer
1s formed directly on the second layer or the substrate but
also a case 1 which a third layer exists between the first
layer and the second layer or the substrate.

FIG. 1 1s a plan view of a semiconductor device 1n
accordance with an embodiment of the present invention.
FIG. 2A 1s a cross-sectional view taken along line A-A' and
line B-B' of FIG. 1. FIG. 2B 1s an expanded plan view of a
line-shaped air gap and taken along the line C-C' of FIG. 2A.
FIG. 2C 1s an expanded plan view of a plug-shaped air gap
and taken along the line D-D' of FIG. 2A. FIG. 2D 15 a
diagram comparatively illustrating the widths of the line-
shaped air gap and the plug-shaped air gap.

The semiconductor device 100 may include a plurality of
buried wordlines 107, a plurality of bit lines 112, and a
memory element 125. The buried wordline 107 may be
formed 1n a substrate 101. The buried wordline 107 may be
extended 1n a first direction that 1s, X direction. The bit line
112 may be formed over the substrate 101. The bunied
wordline 107 and the bit line 112 may be arranged to
intersect each other. The bit line 112 may be extended 1n a
second direction that 1s, Y direction. Between the bit line 112
and the substrate 101, a first plug 111 may be formed.
Between the memory element 125 and the substrate 101, a
stacked structure of a second plug 118, a barrier 119, a third
plug 120, and a pad 121 may be formed.

The second plug 118 may be positioned between the
adjacent bit lines 112. The second plug 118 may include an
upper part 118U adjacent to the bit line and a lower part
118L adjacent to the first plug 111. The second plug 118 may
be positioned between the adjacent bit lines 112, and posi-
tioned between plug 1solation layers 122. A first spacer 117
may be formed on the sidewalls of the bit line 112. A second
spacer 124 may be formed adjacent to the first spacer 117.
The first spacer 117 may have a line shape parallel to the
sidewall of the bit line 112. The second spacer 124 may have
a shape that surrounds the second plug 118.

Between the first and second plugs 111 and 118 and
between the bit line 112 and the second plug 118, an air gap
AG may be positioned. The air gap AG may include first and
second air gaps AL and AP having different sizes. That 1s, the
air gap AG may have a double air gap structure. The
difference 1n size between the first and second air gaps AL
and AP may indicate a width difference. The first air gap AL
may have a first width W1, and the second air gap AP may
have a second width W2 smaller than the first width (refer
to FIG. 2D). Hereafter, for convemence of description, the
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first air gap AL will be referred to as a line-shaped air gap
AL, and the second air gap AP will be referred to as a
plug-shaped air gap AP.

The line-shaped air gap AL may be formed between the
bit line 112 and the upper part 118U of the second plug 118.
The plug-shaped air gap AP may be formed between the first
plug 111 and the lower part 118L of the second plug 118. The
plug-shaped air gap AP may be positioned at both sidewalls
of the first plug 111. The first spacer 117 may be formed on
both sidewalls of the bit line 112 and extended to both
sidewalls of the first plug 111. The semiconductor device

100 will be described 1n detail.

An element 1solation layer 103 may be formed in the
substrate 101. The element isolation layer 130 may be
formed 1n an 1solation trench 102. The element 1solation
layer 103 A may define a plurality of active regions 104.

A gate trench 105 may be formed to cross the active
region 104 and the element isolation layer 103. A gate
dielectric layer 106 may be formed on the surface of the gate
trench 105. The buried wordline 107 may be formed on the
gate dielectric layer 106 so as to {ill a part of the gate trench
105. A sealing layer 108 may be formed over the buried
wordline 107. The active region 104 may include first and
second 1mpurity regions 109 and 110 formed therein.

The first plug 111 may be formed over the substrate 101.
The substrate 101 may have a recessed first surface R1, and
the first plug 111 may be formed on the recessed first surface
R1. The first plug 111 may be connected to the first impurity
region 109. The first plug 111 may be positioned 1n a first
opening 114. The first opening 114 may be formed in an
interlayer dielectric layer 115. The interlayer dielectric layer
115 may be formed over the substrate 101. The first opening
114 may serve as a contact hole to expose the first impurity
region 109. The first plug 111 may be referred to as a bit line
contact plug. A gap G may be formed at both sides of the first
plug 111 and the first opening 114. The first opening 114 may
be filled with the first plug 111 and a dielectric plug P.

The dielectric plug P may fill the gap G. The dielectric
plug P may include a first liner L1, a second liner 1.2, a filler
F, and the plug-shaped air gap AP. Although described
below, the second liner .2 may be partially removed to form
the plug-shaped air gap AP. Thus, the second liner L2 may
partially line the gap G. The first liner L1 may cover the
bottom surface and side surfaces of the gap G. The second
liner .2 may partially line the first liner LL1. The filler F may
be positioned over the second liner L2 1 the gap G. The
plug-shaped air gap AP may be positioned at a first side
surface of the filler F, and the second liner L2 may be
positioned at the bottom and a second side surface of the
filler F. The plug-shaped air gap AP may be positioned
between the first liner L1 and the filler F

The bit line 112 may be formed over t__le first plug 111. A
bit line hard mask 113 may be formed over the bit line 112.
The first plug 111, the bit line 112, and the bit line hard mask
113, in combination, may be referred to as a bit line
structure. The bit line structure may also be referred to as a
conductive structure, and the bit line 112 may also be
referred to as a conductive line.

The bit line 112 may have a line shape extended in a
direction 1ntersecting the buried wordline 107. A part of the
bit line 112 may be connected to the first plug 111. The bit
line 112 and the first plug 111 may have the same line width.
Thus, the bit line 112 may be extended in a first direction
while covering the top surface of the first plug 111. A part of
the bit line 112 may be positioned and extended over an etch
stop layer 116. The etch stop layer 116 may be formed over
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the interlayer dielectric layer 115, formed 1in a line shape,
and have the same line width as the bit line 112.

A dielectric structure including the first spacer 117 and the
line-shaped air gap AL may be formed at both sidewalls of
the bit line 112. The line-shaped air gap AL may have a
shape extended 1n parallel to both sidewalls of the bit line
112. The first spacer 117 may be extended to line the gap G
and the sidewalls of the first plug 111. The extension of the
first spacer 117 may serve as the first liner L1 of the
dielectric plug P.

Between the bit line structures, a storage node contact
plug may be formed. The storage node contact plug may be
connected to the second impurity region 110. The storage
node contact plug may include the second plug 118, a barrier

119, and a third plug 120. The second plug 118 may be

formed 1n a second opening 122C. The second spacer 124
may have the shape of surrounding the sidewalls of the
storage node contact plug 118, 119, and 120.

The substrate 101 may have a recessed second surface R2,
and the second plug 118 may be formed on the second
surface R2. The second opening 122C may serve as a contact
hole to expose the second impurity region 110. The second
plug 118 1s a silicon plug including polysilicon. The third
plug 120 1s a metal plug including tungsten. The barrier 119
may be formed between the second plug 118 and the third
plug 120.

The pad 121 may be formed over the third plug 120. A
part of the pad 121 may overlap the top of the bit line
structure. Thus, an overlap margin of the memory element
125 can be secured. When seen from the extending direction
of the bit line 112, the adjacent storage node contact plugs
may be 1solated by the plug i1solation layer 122.

The air gap AG may be formed at both sidewalls of the bit
line structure. The air gap AG may include the plug-shaped
air gap AP and the line-shaped air gap AL. The plug-shaped
air gap AP may be positioned at both sidewalls of the first
plug 111. The plug-shaped air gap AP may be embedded in
the gap G. The line-shaped air gap AL may be extended in
parallel to both sidewalls of the bit line 112. The line-shaped
air gap AL and the plug-shaped air gap AP may be connected
to each other. The plug-shaped air gap AP may be positioned
between the first plug 111 and the lower part 118L of the
second plug 118, and the line-shaped air gap AL may be
positioned between the bit line 112 and the upper part 118U
of the second plug 118.

The top of the air gap AG may be capped by a capping
layer 123. The capping layer 123 may cover the pad 121.
The pad 121 may be electrically coupled to the memory
clement 125. The memory element 125 may include a
capacitor having a storage node. In another embodiment,
memory elements implemented 1n various manners may be
coupled over the pad 121.

According to the above-described structure, the semicon-
ductor device 100 may include a transistor including the
buried wordline 107, the bit line 112, and the memory
clement 125. The substrate 101 and the bit line 112 may be
clectrically coupled through the first plug 111. The first plug
111 and the bit line 112 may be adjacent to the second plug
118.

Between the second plug 118 and the bit line 112, the
line-shaped air gap AL may be formed. Thus, parasitic
capacitance between the bit line 112 and the second plug 118
may be reduced. Furthermore, the plug-shaped air gap AP
may be formed between the first plug 111 and the second
plug 118. Thus, parasitic capacitance between the first plug
111 and the second plug 118 may be reduced.
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When the first spacer 117 and the second spacer 124
include silicon nitride, a nitride-AL-nitride structure may be
formed between the bit line 112 and the second plug 118.
When the first liner L1 and the filler F include silicon nitride,
a nitride-AP-nitride structure may be formed between the
first plug 111 and the second plug 118.

In accordance with the embodiment of the present inven-
tion, the plug-shaped air gap AP may be formed between the
first plug 111 and the second plug 118 at the same time as the
line-shaped air gap AL 1s formed between the bit line 112
and the second plug 118, thereby reducing parasitic capaci-
tance. In particular, since the sizes of the line-shaped air gap
AL and the plug-shaped air gap AP can be adjusted, the total
parasitic capacitance may be more easily reduced. Thus, the
operating speed of the memory cell can be further improved.

In a comparative example of the present embodiment, the
air gap may be formed only between the bit line and the
second plug. In another comparative example of the present
embodiment, the air gap may be formed only between the
first plug and the second plug. However, since the parasitic
capacitance reduction eflects of the comparative examples
are lower than that of the present embodiment, the com-
parative examples have a limitation in 1improving the oper-
ating speed of the memory cell.

In another comparative example of the present embodi-
ment, the line-shaped air gap and the plug-shaped air gap
may be formed to have the same width. That 1s, a single
sacrificial material may be used to form the line-shaped air
gap and the plug-shaped air gap at the same time. In the
comparative example, however, when the size of the first
opening having the first plug formed therein 1s reduced, the
thickness of the sacrificial material may be reduced. Thus,
the size of the air gap may be reduced at the same time.
Therefore, the comparative example has a limitation 1n
reducing parasitic capacitance.

Herealter, a method for fabricating the semiconductor
device which 1s viewed from the A-A' line and the B-B' line
of FIG. 1 will be described. For convemence of description,
the method for fabricating the semiconductor device will be
divided 1n a bit line fabrication part, a storage node contact
plug fabrication part, and an air gap fabrication part.

FIGS. 3A to 31 are diagrams for describing the bit line
fabrication part. As illustrated 1n FIG. 3A, an element
isolation layer 13 may be formed in a substrate 11. The
substrate 11 may include a maternal suitable for semicon-
ductor processing. The substrate 11 may include a semicon-
ductor substrate. The substrate 11 may include a silicon
substrate, silicon-germanium substrate, or Silicon On Insu-
lator (*“SOI”) substrate.

The substrate 11 may include a memory cell region and a
peripheral circuit region. The element 1solation layer 13 may
be formed through Shallow Trench Isolation (“STT”). The
clement 1solation layer 13 may be formed 1n an 1solation
trench 12. The element 1solation layer 13 may define a
plurality of active regions 14. The active region 14 may be
formed 1n an 1sland shape having the minor axis and the
major axis. The plurality of active regions 14 may be
isolated by the element 1solation layer 13. The element
1solation layer 13 may be formed of silicon nitride, silicon
oxide, or a combination thereof.

A ftransistor including a buried wordline 17 may be
formed 1n the memory cell region of the substrate 11. The
buried wordline 17 may be buried 1n the substrate 11. The
buried wordline 17 may be formed in a gate trench 15. The
gate trench 15 having a predetermined depth may be formed
in the substrate 11. The gate trench 15 may have a smaller
depth than the 1solation trench 12. The gate trench 15 may
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have a line shape extended in any one direction. The gate
trench 15 may be formed by etching the active region 14 and
the element 1solation layer 13. The gate trench 15 may have
the shape of crossing the active region 14 and the element
isolation layer 13. A part of the gate trench 15 may be
formed 1n the active region 14, and the other part of the gate
trench 15 may be formed 1n the element 1solation layer 13.
In another embodiment, the other part of the gate trench 15,
formed 1n the element 1solation layer 13, may have a larger
depth than the part of the gate trench 15, formed 1n the active
region 14. Thus, a pin (not illustrated) may be formed 1n the
active region 14.

A gate dielectric layer 16 may be formed on the surface
of the gate trench 135. The gate dielectric layer 16 may be
formed through thermal oxidation. In another embodiment,
the gate dielectric layer 16 may be formed through Chemical
Vapor Deposition (“CVD”) or Atomic Layer Deposition
(“ALD”). The gate dielectric layer 16 may include a high-k
dielectric material, oxide, nitride, oxynitride, or a combina-
tion thereol. The high-k dielectric material may include a
dielectric material having a higher dielectric constant than
oxide and nitride. For example, the high-k dielectric material
may include metal oxide such as hatnium oxide and alumi-
num oxide.

The buried wordline 17 may be formed over the gate
dielectric layer 16. A sealing layer 18 may be formed over
the buried wordline 17. The buried wordline 17 may be
recessed to a lower level than the surface of the substrate 11.
The buried wordline 17 may be formed through a process of
forming a metal containing layer to gap-fill the gate trench
15 and then etching back the metal containing layer.

The metal contaiming layer may include a material con-
taining titanmium, tantalum, or tungsten as a main component.
For example, the metal containing layer may include tanta-
lum nitride (TalN), titanium nitride (TiN), tungsten nitride
(WN), tungsten (W), or a combination thereof. For example,
the buried wordline 17 may have a two-story structure such
as TIN/W, 1n which W 1s stacked over TiN. In another
embodiment, the buried wordline 17 may include a work
function metal layer.

The sealing layer 18 may f{ill the gate trench 15 over the
buried wordline 17. The sealing layer 18 may serve to
protect the buried wordline 17 from a subsequent process.
The sealing layer 18 may include a dielectric material. The
sealing layer 18 may include silicon mitride, silicon oxide, or
a combination thereof.

After the sealing layer 18 1s formed, a first impurity region
19 and a second impurity region 20 may be formed 1n the
active region 14. The first impurity region 19 and the second
impurity region 20 may be formed by a doping process such
as an 1mplant process. The first and second impurity regions
19 and 20 may be doped with impurities having the same
conductive type, for example, N-type impurities. The first
and second impurity regions 19 and 20 may be referred to as
source and drain regions, respectively. Thus, a buried gate-
type transistor including the bunied wordline 17 may be
formed 1n the memory cell region.

As 1llustrated i FIG. 3B, a first interlayer dielectric layer
21 may be formed over the substrate 11. An etch stop layer
22A may be formed over the first interlayer dielectric layer
21. The first interlayer dielectric layer 21 may include
silicon oxide, silicon nitride, or a combination thereof. In the
present embodiment, the etch stop layer 22A may include
s1licon nitride.

A first opening 24 may be formed. The first opening 24
may be formed by etching the etch stop layer 22A and the
first interlayer dielectric layer 21 using a first mask pattern
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23 as an etch mask. The first mask pattern 23 may include
a photoresist pattern. The first opening 24 may have a hole
shape when seen from the top. The substrate 11 may be
partially exposed through the first opening 24.

The first opening 24 may have a diameter controlled to a
predetermined line width. The first opening 24 may have a
circular or elliptical shape. The first opening 24 may have
the shape of exposing a part of the active region 14 between
the buried wordlines 17. For example, the first impurity
region 19 may be exposed through the first opening 24. The
first opening 24 may be referred to as a contact hole. The
first opening 24 may have a larger diameter than the width
of the minor axis of the active region 14. Thus, the element
isolation layer 13 and the sealing layer 18 around the first
impurity region 19 may also be exposed through the first
opening 24.

The first impurity region 19 exposed by the first opening
24 may be recessed to a predetermined depth. This may be
referred to as a first recess R1. The element 1solation layer
13 and the sealing layer 18, which are adjacent to the first
impurity region 19, as well as the first impurity region 19
may also be partially recessed. The first recess R1 may be
connected to the first opening 24. The top surfaces of the first
impurity region 19, the element isolation layer 13, and the
sealing layer 18, which are exposed by the first recess R1,
may be at a lower level than the top surface of the substrate
11. When the first recess R1 1s formed, the entrance of the
first opening 24 may be rounded and widened.

As 1llustrated 1n FIG. 3C, the first mask pattern 23 may be
removed. Then, a pre-first plug 25B may be formed. The
pre-first plug 25B may be formed through the following
method. First, a plug layer 25A may be formed on the entire
surface of the resultant structure including the first opening
24, and fill the first opening 24. Then, the plug layer 25A
may be planarized to expose the surface of the etch stop
layer 22A. Thus, the pre-first plug 25B filling the first
opening 24 may be formed. The surface of the pre-first plug
25B may be at the same level as or a lower level than the
surface of the etch stop layer 22A.

Subsequently, the pre-first plug 25B may be doped with
an 1mpurity through a doping process such as an implant
process. In the present embodiment, the pre-first plug 25B
may 1nclude polysilicon. In another embodiment, the pre-
first plug 25B may be formed of a metal contaiming material.
The pre-first plug 25B may be in contact with the first
impurity region 19.

As 1llustrated 1n FI1G. 3D, a conductive layer 26 A and a bit
line hard mask layer 27A may be stacked over the pre-first
plug 25B shown in FIG. 3C and the etch stop layer 22A. The
conductive layer 26 A may be formed of a metal containing
material. The conductive layer 26 A may include metal,
metal nitride, metal silicide, or a combination thereof. In the
present embodiment, the conductive layer 26 A may include
tungsten or a stack structure of titanium nitride and tungsten.
The conductive layer 26A may be formed by stacking a
barrier layer and a metal layer. The barrier layer may prevent
diffusion between the pre-first plug 25B and the metal layer.
The bit line hard mask layer 27A may be formed of a
dielectric material. The bit line hard mask layer 27A may
include silicon oxide or silicon nitride. In the present
embodiment, the bit line hard mask layer 27A may be
formed of silicon nitride.

Then, a second mask pattern 28 may be formed over the
bit line hard mask layer 27A. The second mask pattern 28
may include a photoresist pattern. The second mask pattern
28 may have a line shape extended 1n any one direction. The
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second mask pattern 28 may have a line width smaller than
the diameter of the first opening 24.

As 1illustrated i FIG. 3E, a bit line structure may be
formed. The bit line hard mask layer 27 A and the conductive
layer 26 A may be etched using the second mask pattern 28
as an etch mask. Thus, a bit line 26 and a bit line hard mask
27 may be formed. The process of etching the conductive
layer 26 A to form the bit line 26 may be stopped at the etch
stop layer 22A. The bit line hard mask 27 may be formed by
etching the bit line hard mask layer 27A.

The etch stop layer 22A may be etched using the second
mask pattern 28 as an etch mask. The etch stop layer 22A
may also be etched to have the same line width as the bit line
26. The remaining etch stop layer may be denoted by the
reference numeral 22.

The pre-first plug 25B may be etched using the second
mask pattern 28 as an etch mask. Thus, the first plug 25 may
be formed. The pre-first plug 25B may be etched to have the
same line width as the bit line 26. The first plug 25 may be
formed over the first impurity region 19. The first plug 25
may connect the first impurity region 19 and the bit line 26
to each other. The first plug 25 may be formed 1n the first
opening 24. The first plug 25 may have a line width smaller
than the diameter of the first opening 24. Thus, a gap 29 may
be formed at both sides of the first plug 25. In the direction
in which the bit line 26 extends, the gap 29 may not be
formed around the first plug 25. That 1s, the gap 29 may not
overlap the bit line 26. Then, the second mask pattern 28
may be removed.

As the first plug 25 1s formed as described above, the gap
29 may be formed 1n the first opening 24. This 1s due to the
first plug 235 1s etched to have a line width smaller than the
diameter of the first opening 24. The gap 29 may not be
formed 1n a shape surrounding the first plug 23, but inde-
pendently formed at both sidewalls of the first plug 25. As
a result, the one first plug 235 and the pair of gaps 29 may be
positioned 1n the first opening 24, and the pair of gaps 29
may be 1solated from each other by the first plug 25.

The bit line 26 may be extended 1n any one direction
while covering the first plug 25. For example, the bit line 26
may be extended 1n a direction crossing the buried wordline
17. The bit line 26 may be extended 1n a line shape over the
ctch stop layer 22, and a part of the bit line 26 may be
connected to the first plug 25. The bit line 26 may be
clectrically coupled to the first impurity region 19 through
the first plug 25.

While the first plug 235 1s formed, the element i1solation
layer 13 and the sealing layer 18 around the first plug 25 may
be over-etched. Although not 1llustrated, a non-buried gate-
type transistor including a planar gate structure may be
formed 1n the peripheral circuit region after the bit line 26
and the first plug 25 are formed or when the bit line 26 and
the first plug 25 are formed.

The planar gate structure may include a first electrode, a
second electrode, and a gate hard mask. The first electrode
may be formed by etching the conductive layer used as the
pre-first plug 25B, and the second electrode may be formed
by etching the conductive layer 26 A used as the bit line 26.
The gate hard mask may be formed by etching the bit line
hard mask layer 27A.

After the planar gate structure 1s formed, a source region
and a drain region may be formed in the substrate 11 of the
peripheral circuit region. As a result, the non-buried gate-
type transistor may be formed in the peripheral circuit
region. The buried wordline 17, the first impurity region 19,
and the second impurity region 20 may be formed 1n the cell
region of the substrate 11. As described above, the bit line
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structure may be formed 1n the cell region at the same time
when the planar gate structure 1s formed 1n the peripheral
region.

As 1llustrated 1n FIG. 3F, a first spacer layer 30A may be
formed over the bit line structure. The first spacer layer 30A
may be formed on the entire surface of the substrate 11
including the bit line structure. The first spacer layer 30A
may be formed of a low-k dielectric material to reduce
parasitic capacitance. The first spacer layer 30A may include
silicon oxide or silicon nitride. In the present embodiment,
the first spacer layer 30A may be formed of silicon nitride.
The first spacer layer 30 A may be conformally formed so as
not to fill the gap 29. The first spacer layer 30 A may protect
the bit line 26 and the first plug 25 from a subsequent
process. The first spacer layer 30A may be formed through
ALD or CVD.

A first sacrificial spacer layer 31 A may be formed over the
first spacer layer 30A. The first sacrificial spacer layer 31A
may be formed of a dielectric material. The first sacrificial
spacer layer 31 A may be formed of a material having an
ctching selectivity with respect to the first spacer layer 30A.
The first sacrificial spacer layer 31A may include oxide. In
the present embodiment, the first sacrificial spacer layer 31 A
may include silicon oxide. The first sacrificial spacer layer
31A may be conformally formed over the first spacer layer
30A so as not to fill the gap 29. The first sacrificial spacer
layer 31 A may be formed to have a smallest thickness as
possible. For example, the first sacrificial spacer layer 31A
may have a thickness which can sufliciently secure the size
of the air gap even though the size of the first opening 24 1s
reduced.

A second spacer layer 32A may be formed over the first
sacrificial spacer layer 31A. The second spacer layer 32A
may be formed of a dielectric matenial. The second spacer
layer 32A may be formed of a material having an etching
selectivity with respect to the first sacrificial spacer layer
31A. The second spacer layer 32A may include nitride. In
the present embodiment, the second spacer layer 32A may
s1licon nitride. The second spacer layer 32A may be formed
over the first sacrificial spacer layer 31A while having a
thickness to fill the gap 29. For example, a part of the second
spacer layer 32A may serve as a filler portion 32F to fill the
gap.

As such, the gap 29 may be filled with the first spacer
layer 30A, the first sacrificial spacer layer 31A, and the
second spacer layer 32A. The second spacer layer 32A may
have a larger thickness than the first spacer layer 30A or the
first sacrificial spacer layer 31A.

As 1llustrated in FIG. 3G, a filler 32 may be formed. The
filler 32 may be formed through a trimming etch process
against the second spacer layer 32A. The second spacer
layer 32A may be trimmed through an etch back process.
The filler 32 may be formed on the first sacrificial spacer
layer 31A at the sidewalls of the first plug 25. The height of
the filler 32 may be controlled so that the filler 32 1s
positioned 1n the gap 29. That 1s, the second spacer layer
32A located at a level higher than an upper surface of the
first interlayer dielectric layer 21 and located at a level
higher than the gap 29 may be removed. The first sacrificial
spacer layer 31 A may be partially exposed by the filler 32.
When the filler 32 includes silicon nitride, the filler 32 may
be referred to as a ‘silicon mitride plug.’

As 1illustrated 1 FIG. 3H, a sacrificial liner 31 may be
formed. The sacrificial liner 31 may be formed through a
trimming etch process for the first sacrificial spacer layer
31A. The first sacrificial spacer layer 31 A may be trimmed
through an etch back process. The sacrificial liner 31 may be
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formed on the first spacer layer 30A and at the sidewalls of
the first plug 25. The height of the sacrificial liner 31 may be
controlled so that the sacrificial liner 31 remains in the gap
29. That 1s, the first sacrificial spacer layer 31 A located at a
level higher than an upper surface of the first interlayer
dielectric layer 21 and located at a level higher than the gap
29 may be removed. The first spacer layer 30A may be
partially exposed by the sacrificial liner 31. As such, the
sacrificial liner 31 and the filler 32 may be left 1n the gap 29.

As 1llustrated 1n FIG. 31, a plurality of spacer layers may
be formed. The spacer layers may be formed on the entire
surface of the resultant structure including the sacrificial
liner 31 and the filler 32. The plurality of spacer layers may
include a second sacrificial spacer layer 33A and a third
sacrificial spacer layer 34A. The second sacrificial spacer
layer 33 A may be formed of a material having an etching
selectivity with respect to the first spacer layer 30A and the
filler 32. The second sacrificial spacer layer 33A may
include oxide. In the present embodiment, the second sac-
rificial spacer layer 33 A may include silicon oxide.

The third sacrificial spacer layer 34 A may be formed of a
material having an etching selectivity with respect to the
second sacrificial spacer layer 33A. The third sacrificial
spacer layer 34 A may include nitride. In the present embodi-
ment, the third sacrificial spacer layer 34A may include
s1licon nitride.

The second sacrificial spacer laver 33A and the third
sacrificial spacer layer 34 A may be conformally formed. The
second sacrificial spacer layer 33A may have a larger
thickness than the sacrificial liner 31. Thus, the line-shaped
air gap and the plug-shaped air gap may have different sizes.
For example, when the second sacrificial spacer layer 33A
and the sacrificial liner 31 are removed to form the line-
shaped air gap and the plug-shaped air gap during a subse-
quent process, the line-shaped air gap has a larger size than
the plug-shaped air gap since the second sacrificial spacer
layer 33 A has a larger thickness than the sacrificial liner 31.

FIGS. 4A to 4N are diagrams for describing the storage
node contact plug fabrication part. As illustrated in FIG. 4 A,
a sacrificial layer 35A may be formed. The sacrificial layer
35A may be buried between the adjacent bit lines 26. The
sacrificial layer 35A may include silicon oxide. The sacri-
ficial layer 35A may include a Spin-On Dielectric (“SOD”)
matenal. The sacrificial layer 35A may be planarized to
expose the top surface of the bit line hard mask 27. Thus, the
line-shaped sacrificial layer 35A may be formed between the
bit lines 26. The sacrificial layer 35A may be extended in
parallel to the bit line 26. During the planarization process
for the sacrificial layer 35A, the first spacer layer 30A, the
second sacrificial spacer layer 33 A, and the third sacrificial
spacer layer 34A over the top surface of the bit line hard
mask 27 may be planarized.

As 1llustrated in FIG. 4B, a third mask pattern 36 may be
formed. The third mask pattern 36 may be patterned in the
direction intersecting the bit line 26. The third mask pattern
36 may have a line shape. The third mask pattern 36 may
include a photoresist pattern.

A pre-1solation part 37 may be formed 1n the sacrificial
layer pattern 35. The sacrificial layer 35A may be etched
using the third mask pattern 36 as an etch mask. Thus, the
pre-1solation part 37 may be formed, and the sacrificial layer
pattern 35 may be left between the adjacent pre-i1solation
parts 37.

When the sacrificial layer 35A 1s etched, the upper part of
the bit line structure may be etched to a predetermined
depth. That 1s, the bit line hard mask 27 may be etched to a
predetermined depth. Thus, the sacrificial layer 35A exposed
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by the third mask pattern 36 may be completely etched, and
the bit line hard mask 27 may be partially etched. As a result,
the pre-1solation part 37 may have a line shape intersecting,
the bit line structure. A part 37A of the pre-i1solation part 37
may be positioned in the bit line structure and have a
predetermined depth. The depth of the part 37A of the
pre-1solation part 37 may be controlled so as not to expose
the bit line 26. The pre-1solation part 37 may have a shape
overlapping the buried wordline 17. In another embodiment,
the pre-1solation part 37 may have a smaller line width than
the buried wordline 17.

As 1llustrated i FIG. 4C, the third mask pattern 36 may
be removed. A plug 1solation layer 38 may be formed 1n the
pre-1solation part 37. The plug 1solation layer 38 may be
tformed by gap-filling silicon nitride 1n the pre-1solation part
37 and planarnizing the silicon nitride. The plug 1solation
layer 38 may have a line shape extending in the direction
intersecting the bit line structure. The sacrificial layer pattern

35 may be left 1n a space between the plug 1solation layer 38
and the bit line structure. The plug 1solation layer 38 may fill
the part 37A of the pre-1solation part 37, as well.

As 1llustrated 1 FIG. 4D, the sacrificial layer pattern 35
may be removed. The space from which the sacrificial layer
pattern 35 1s removed may serve as a second opening 39.
The second opening 39 may be formed between the plug
isolation layer 38 and the bit line structure. The second
opening 39 may be 1solated from the bit line structure.

In order to remove the sacrificial layer pattern 35, a
dip-out process may be applied. Through the dip-out pro-
cess, the sacrificial layer pattern 35 may be selectively
removed without a loss of the first spacer layer 30A and the
third sacrificial spacer layer 34A. The second opening 39
may have a rectangular hole shape when seen from the top.
When the sacrificial layer pattern 33 i1s removed, the second
sacrificial spacer layer 33A may be partially removed. Thus,
a recess 39A having a small width may be formed over the
second sacrificial spacer layer 33A.

As 1llustrated in FIG. 4E, a re-capping layer 40A may be
tformed. The re-capping layer 40A may fill the recess 39A
having a small width. The re-capping layer 40A may be
formed of silicon oxide.

As 1llustrated 1n FIG. 4F, a first builer layer 41 A may be
tformed. The first bufler layer 41 A may be formed of silicon
oxide. As the first bufler layer 41A 1s formed, a loss of the
bit line hard mask 27 may be prevented during a subsequent
process of trimming nitride and etching oxide. The first
butler layer 41 A may be formed on the entire surface of the
resultant structure while covering the re-capping layer 40A.
The first bufler layer 41 A may have poor step coverage.
During a subsequent process, the first bufler layer 41 A and
the re-capping layer 40A may serve as a material for
protecting the bit line hard mask 27.

As 1llustrated 1n FIG. 4G, a first bufler layer pattern 41
may be formed. The first bufler layer pattern 41 may be
formed by cleaning the first bufler layer 41A. For example,
the first bufler layer 41A may be cleaned through a wet
cleaning process. After the first builer layer 41A 1s cleaned,
the re-capping layer 40A may be etched back. Thus, a
re-capping layer pattern 40 may be formed under the first
butler layer pattern 41. The third sacrificial spacer layer 34 A
may be exposed by the re-capping layer pattern 40.

As 1llustrated in FIG. 4H, the third sacrificial spacer layer
34A may be trimmed. Thus, as the third sacrificial spacer
layer 34A 1s completely removed, the second sacrificial
spacer layer 33 A thereunder may be exposed. When the third
sacrificial spacer layer 34A 1s trimmed, the bit line hard
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mask 27 may be protected by the first builer layer pattern 41
and the re-capping layer pattern 40.

As 1illustrated 1 FIG. 41, a second sacrificial spacer 33
may be formed. The second sacrificial spacer 33 may be
formed by etching the second sacrificial spacer layer 33A.
The second sacrificial spacer 33 may be discontinuous
between the adjacent bit lines 26. When the second sacrifi-
cial spacer layer 33 A 1s etched, the materials thereunder may
be partially etched. However, when the second sacrificial
spacer layer 33 A 1s etched, the bit line hard mask 27 may be
protected by the first bufler layer pattern 41 and the re-
capping layer pattern 40. While the second sacrificial spacer
layer 33A 1s completely etched, the first bufler layer pattern
41 may be also completely etched. At this time, the bit line
hard mask 27 may be protected by the re-capping layer
pattern 40. The re-capping layer pattern 40 may be posi-
tioned over the second sacrificial spacer 33 while exposing
the top surface of the bit line hard mask 27.

As 1illustrated i FIG. 4], a second spacer layer 42A may
be formed. The second spacer layer 42A may be formed of
a material having an etching selectivity with respect to the
second sacrificial spacer 33. The second spacer layer 42A
may include silicon nitride.

The second bufler layer pattern 43 may be formed over
the second spacer layer 42 A. The second bufler layer pattern
43 may be formed by depositing a second butler layer and
then cleaning the second bufler layer, like the first bufler
layer pattern 41. The second bufler layer pattern 43 may
include a material having an etching selectivity with respect
to silicon oxide and silicon nitride. The second bufler layer
pattern 43 may include metal nitride, unlike the first bufler
layer pattern 41. The second bufler layer pattern 43 may
include titanium nitride. The second bufler layer pattern 43
may serve as a material for protecting the bit line hard mask
27 during a subsequent process.

As 1llustrated in FIG. 4K, a second spacer 42 may be
formed. The second spacer 42 may be formed by etching
back the second spacer layer 42A. The second spacer 42 may
have the shape of surrounding the sidewalls of the second
opening 39.

Then, an etch process may be performed to expose the
second 1mpurity region 20. This process may be referred to
as an expansion process for the second opening 39. For
example, the lower materials self-aligned with the second
spacer 42 and exposed by the second spacer 42 may be
etched.

For example, while the first interlayer dielectric layer 21
1s etched, the first spacer layer 30A, the sacrificial liner 31,
and the filler 32 which are positioned 1n the gap 29 may be
partially etched. During the etching process, the second
bufler layer pattern 43 may serve as an etch mask. In another
embodiment, while the expansion process 1s performed, the
second buller layer pattern 43 may be completely etched, as
well. Through the expansion process, the bottom part of the
second opening 39 may be expanded to expose the second
impurity region 20. Subsequently, the second impurity
region 20 and the element 1solation layer 13 may be partially
recessed to a predetermined depth. The bottom part of the
second opening 39 may have a curved profile R2 due to an
ctching selectivity difference.

As the bottom part of the second opening 39 1s expanded.,
a spacer structure 44 including the first spacer 30, the second

sacrificial spacer 33, and the second spacer 42 may be
formed at the sidewalls of the bit line 26 and the first plug
25. The bottom part of the second sacrificial spacer 33 may
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be sealed by the sacrificial liner 31 and the filler 32. The top
part of the second sacrificial spacer 33 may be exposed to the
outside.

A dielectric plug 45 may be formed at both sidewalls of
the first plug 25. The dielectric plug 45 may include the first
spacer 30, the sacrificial liner 31, and the filler 32. The
second sacrificial spacer 33 may have a larger width than the
sacrificial liner 31. Hereafter, the first spacer 30 and the
sacrificial liner 31 which are included 1n the dielectric plug
45 may be referred to as a first liner L1 and a second liner
L2, respectively. The filler 32 may correspond to the filler F
of FIG. 2A.

As 1llustrated 1n FIG. 4L, a second plug 46 may be
formed. The second plug 46 may be recessed (46R) in the
second opening 39. The second plug 46 may include a
silicon containing layer. The second plug 46 may include a
polysilicon layer. The polysilicon layer may be doped with
an 1mpurity. The second plug 46 may be connected to the
second 1mpurity region 20. The top surface of the second
plug 46 may be positioned at a higher level than the top
surface of the bit line 26. In order to form the second plug
46, a polysilicon layer may be deposited and an etch back
process may be performed.

As 1llustrated in FI1G. 4M, a barrier 47 and a third plug 48
may be formed. The barrier 47 and the third plug 48 may be
buried over the second plug 46. The barrier 47 may prevent
diffusion between the third plug 48 and the second plug 46.
The barrier 47 may include titanium nitride. The third plug
48 may include a low-resistance material. The third plug 48
may 1nclude a metal containing layer. The third plug 48 may
include tungsten.

Although not 1illustrated, an ohmic contact layer may be
formed between the barrier 47 and the second plug 46. The
ohmic contact layer may include metal silicide. In order to
form ah ohmic contact layer, a silicidable metal layer may be
deposited and annealed. Thus, at the interface between the
silicidable metal layer and the second plug 46, silicidation
may occur to form a metal silicide layer. The ohmic contact
layer may include cobalt silicide. In the present embodi-
ment, the ohmic contact layer may include cobalt silicide of
CoS1,. When the cobalt silicide of CoSi1, 1s formed as the
ohmic contact layer, contact resistance may be improved,
and low-resistance cobalt silicide may be formed.

As 1llustrated 1n FIG. 4N, a pad 49 may be formed. The
pad 49 may include a metal containing layer. The pad 49
may include tungsten. A part of the pad 49 may overlap the
top of the third plug 48. The other part of the pad 49 may
overlap the bit line hard mask 27. The pad 49 may have an
extension which overlaps the bit line structure.

FIGS. SA to 5D are diagrams for describing the air gap
tabrication part. As illustrated in FIG. 5A, an over-etch
process may be performed to expose the second sacrificial
spacer 33. For example, the materials under the pad 49 may
be etched using the pad 49 as an etch mask. Thus, an
over-etched portion 30 may be formed, and the second
sacrificial spacer 33 may be exposed by the over-etched
portion 50 (refer to reference numeral S0A). In another
embodiment, the over-etched portion 50 may be formed
through the etch process for forming the pad 49. For
example, after forming the pad 49, the third plug 48, the
barrier 47, the second spacer 42, the first spacer 30, the
second sacrificial spacer 33, the re-capping layer pattern 40,
and the bit line hard mask 27 are etched to a predetermined
depth so that the third plug 48, the barnier 47, the second
spacer 42, the first spacer 30, the second sacrificial spacer
33, the re-capping layer pattern 40, and the bit line hard
mask 27 may be self-aligned with an edge of the pad 49.
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As 1llustrated 1n FIG. 5B, the second sacrificial spacer 33
may completely removed, and the second liner L2 may be
partially removed. Thus, the space created by removing the
second sacrificial spacer 33 and the space created by par-
tially removing the second liner .2 may remain as an air gap
51. In order to remove the second sacrificial spacer 33, a wet
ctch process may be applied. For example, a chemical
capable of selectively removing silicon oxide may be used.
The chemical may flow to the surroundings of the first plug
25 and remove a part of the second liner .2 while removing
all of the second sacrificial spacer 33. Since the element
1solation layer 13 1s blocked by the first liner L1, the element
isolation layer 13 may not be damaged by the chemical.
While the second sacrificial spacer 33 and the second liner
[.2 are removed, all of the re-capping layer pattern 40 may
be removed.

The air gap 51 may include a line-shaped air gap S1L and
a plug-shaped air gap S1P. The line-shaped air gap 511 may
be positioned between the first and second spacers 30 and
42. The line-shaped air gap 511 may be extended 1n parallel
to the bit line 26. The plug-shaped air gap 51P may be
formed at the sidewalls of the first plug 25. The line-shaped
airr gap S1L and the plug-shaped air gap 51P may be
connected to each other. The plug-shaped air gap 51P may
be independently formed at the sidewalls of the first plug 25.
The line-shaped air gap S1L and the plug-shaped air gap 51P
may have different sizes.

As described above, the air gap 51 including the line-
shaped air gap 51L and the plug-shaped air gap 51P may be
formed. A spacer structure including the first spacer 30 and
the line-shaped air gap 511 may be formed at the sidewalls
of the bit line 26. The second spacer 42 may have the shape
of surrounding the sidewalls of the second plug 46. Between
the bit line 26 and the second plug 46, the spacer structure
44 1ncluding the first spacer 30, the line-shaped air gap S1L,
and the second spacer 42 may be positioned. At the sidewalls
of the first plug 25, the dielectric plug 45 may be formed,
which includes the first liner L1, the second liner 1.2, the
plug-shaped air gap 51P, and the filler 32. Since the first and
second spacers 30 and 42 include silicon nitride, a NAN
(N-Ai1r-N) structure may be formed between the bit line 26
and the second plug 46. The bottom part of the plug-shaped
air gap 51P may be sealed by the first liner L1, the second
liner L2, and the filler 32. The top part of the line-shaped air
gap 51L may be exposed to the outside.

Since the second liner L2 has a smaller thickness than the
second sacrificial spacer 33, the second liner L2 may be
partially removed. The remaining second liner L2 may
partially line the first liner 1. The second liner .2 may be
positioned between the dielectric plug 45 and the second
plug 46. Thus, while the air gap 51 1s formed, the second
liner L2 may prevent the second plug 46 from being
exposed. Therefore, the second liner L2 may prevent a loss
of the second plug 46, which can be caused by the chemical.
In a comparative example, when wet etching 1s performed
for a long time 1n order to remove all of the second liner L2,
the first liner L1 and the filler F may be damaged to cause
a bridge between the second plug 46 and the first plug 25.

Since sacrificial materials, which have diferent thick-
nesses and are discontinuous from each other, are removed
to form the line-shaped air gap 511 and the plug-shaped air
gap S51P, the size of the air gap 31 may be secured and
prevent an attack to adjacent structures. Furthermore,
although the size of the first opening 24 1s reduced 1n
response to high integration, the size of the air gap 51 may
be suiliciently secured. For example, although the size of the
plug-shaped air gap 51P i1s reduced, the size of the line-
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shaped air gap S1L can be sufliciently increased. Thus, the
total size of the air gap 51 may be easily controlled.

As 1llustrated 1 FIG. 5C, a capping layer 52 may be
tormed. The capping layer 52 may fill the top part of the air
gap 31. The capping layer 52 may include silicon oxide,
silicon nitride, or a combination thereof. The bottom part of
the capping layer 52 may have a depth suflicient to secure
the height of the air gap 51 between the bit line 26 and the
second plug 46. In order to form the capping layer 52, silicon
nitride may be deposited on the entire surface of the resultant
structure so as to {ill the top part of the air gap 51, and an
ctch back process may be then performed. In order to
selectively fill only the top part of the air gap 51, silicon
nitride may be deposited so that the deposited layer has poor
step coverage characteristics. For example, silicon nitride
may be deposited by Plasma CVD (“PCVD”). Since the
width of the air gap 51 15 very small, the silicon mitride may
not be deposited to the bottom of the air gap 31.

As 1llustrated 1 FIG. 5D, a memory element 33 may be
formed to be electrically coupled to the pad 49. In accor-
dance with the above-described embodiment, the plug-
shaped air gap 51P may be formed between the first plug 25
and the second plug 46 at the same time as the line-shaped
air gap S1L 1s formed between the second plug 46 and the
bit line 26. Thus, parasitic capacitance may be reduced.
Since parasitic capacitance 1s reduced, a sensing margin may
be 1mproved.

The semiconductor device in accordance with the
embodiment of the present immvention may be applied to
Dynamic Random Access Memory (DRAM). The semicon-
ductor device 1s not limited thereto, but may be applied to
Static Random Access Memory (SRAM), Flash Memory,
Ferroelectric Random Access Memory (FeRAM), Magnetic
Random Access Memory (MRAM), Phase Change Random
Access Memory (PRAM), etc. For example, when the
second plug 1s adjacent between the conductive structures
including the conductive line on the first plug, the plug-
shaped air gap may be formed between the first and second
plugs, and the line-shaped air gap may be formed between
the conductive line and the second plug.

In accordance with the embodiment of the present inven-
tion, the air gap may be formed between the bit line contact
plug and the storage node contact plug at the same time as
the air gap 1s formed between the bit line and the storage
node contact plug, thereby reducing parasitic capacitance.
Thus, the operating speed of the memory cell can be
improved.

Furthermore, since the line-shaped air gap and the plug-
shaped air gap are formed by removing sacrificial materials
which have different thicknesses and are discontinuous, the
s1ze of the air gap can be sufliciently secured.

Furthermore, although the size of the line-shaped air gap
can be sufliciently increased even though the size of the
plug-shaped air gap i1s reduced in response to high integra-
tion, the total size of the air gap can be easily controlled.

Although various embodiments have been described for
illustrative purposes, it will be apparent to those skilled 1n
the art that various changes and modifications may be made
without departing from the spirit and scope of the invention
as defined 1n the following claims.

What 1s claimed 1s:
1. A method for fabricating a semiconductor device,
comprising;
forming a conductive structure over a substrate, the con-
ductive structure including a first plug and a conductive
line over the first plug;
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forming a dielectric plug at both sidewalls of the first
plug, the dielectric plug including a sacrificial liner, the
sacrificial liner having a first thickness;

forming a spacer at both sidewalls of the conductive line,
the spacer including a sacrificial spacer, the sacrificial
spacer having a second thickness;

forming a first air gap at the both sidewalls of the
conductive line by removing the sacrificial spacer; and

forming a second air gap at the both sidewalls of the first
plug by removing a part of the sacrificial liner,

wherein the dielectric plug includes a liner in contact with
both sidewalls of the first plug and a filler over the liner,

and the sacrificial liner 1s positioned between the liner

and the filler.

2. The method of claim 1,

wherein the second thickness of the sacrificial spacer 1s

larger than the first thickness of the sacrificial liner.

3. The method of claim 1,

wherein the sacrificial spacer and the sacrificial liner are

formed of the same material.

4. The method of claim 1,

wherein the sacrificial spacer and the sacrificial liner are

formed of silicon oxide.

5. The method of claim 1,

wherein the spacer further includes a first spacer 1n

contact with both sidewalls of the conductive structure,
wherein the sacrificial spacer 1s formed over the first
spacer, and

wherein the first spacer and the sacrificial spacer are

formed 1n parallel to both sidewalls of the conductive
structure.

6. The method of claim 1, wherein the first air gap 1s
formed 1n a line shape and 1n parallel to the both sidewalls
of the conductive line.

7. The method of claim 1, further comprising:

forming a second plug betfore the forming of the first air

£ap;

wherein the second plug includes a lower part and an

upper part,
wherein the lower part 1s adjacent to the first plug,
wherein the upper part 1s adjacent to the conductive line,

and

wherein the spacer and the dielectric plug are between the

upper part and the conductive line.

8. The method of claim 7, wherein the forming of the
second plug comprises:

forming a sacrificial layer over the spacer;

forming a pre-i1solation part and a sacrificial layer pattern

by selectively etching the sacrificial layer;

forming a plug 1solation layer to fill the pre-1solation part;

forming a second opening by removing the sacrificial

layer pattern;

exposing the substrate under the second opening;

forming a conductive layer to fill the second opening; and

forming the second plug by recessing the conductive
layer.

9. The method of claim 8, further comprising;:

forming a memory element coupled to the second plug,

wherein the conductive line includes a bit line.

10. The method of claim 1, wherein the forming of the
conductive structure comprises:

forming an interlayer dielectric layer over the substrate;

ctching the interlayer dielectric layer and forming a first

opening to expose a part of the substrate;

recessing the substrate exposed by the first opening to a

predetermined depth;

forming a pre-first plug to fill the first opening;
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forming a conductive layer over the pre-first plug;
forming the conductive line by etching the conductive
layer; and
forming the first plug and a gap at both sidewalls of the
first plug by etching the pre-first plug,
wherein the first plug has the same line width as the
conductive line,
wherein the first air gap 1s positioned 1n the gap.
11. The method of claim 10, wherein the forming of the
dielectric plug comprises:
forming a first spacer layer over to cover the both side-
walls of the conductive line and the both sidewalls of
the first plug;
forming a first sacrificial spacer layer over the first spacer
layer by etching the sacrificial liner formed over first
spacer layer;
forming a pre-filler layer over the first sacrificial spacer
layer so as to fill the gap;
ctching the pre-filler layer such that a filler 1s left 1in the
gap; and
etching the first sacrificial spacer layer such that the
sacrificial liner 1s left 1in the gap.
12. The method of claim 11, wherein the forming of the
spacer Comprises:
forming a second sacrificial spacer layer over the first
spacer layer, the etched first sacrificial spacer layer and
the filler;
forming the second opening by etching the second sacri-
ficial spacer layer to form the sacrificial spacer at a
stdewall of the first spacer layer;
forming a second spacer layer over the entire surface
including the sacrificial spacer and the second opening;
etching the second spacer layer to form a second spacer at
a sidewall of the sacrificial spacer; and
cutting the first spacer layer to form a first spacer at a
sidewall of the bit line.
13. The method of claim 12, wherein each of the first and
second spacers icludes silicon nitride.
14. The method of claim 12, wherein the etching of the
second sacrificial spacer layer comprises:
forming a third sacrificial spacer layer over the second
sacrificial spacer layer;
forming a plug 1solation layer to provide a second open-
ing, wherein the second opening exposes the third
sacrificial spacer layer;
trimming the third sacrificial spacer layer to expose the
second sacrificial spacer layer; and
ctching the second sacrificial spacer layer to form the
sacrificial spacer.
15. The method of claim 14, wherein the forming of the
plug 1solation layer comprises:
forming a sacrificial layer over the third sacrificial spacer
layer;
forming a pre-1solation part and a sacrificial layer pattern
by selectively etching the sacrificial layer;
forming the plug isolation layer to fill the pre-i1solation
part; and
forming the second opening by removing the sacrificial
layer pattern.
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16. The method of claim 15, wherein the trimming of the
third sacrificial spacer layer comprises:
forming a re-capping layer on the entire surface of the
resultant structure including the second opening;
forming a first butler layer over the re-capping layer;
ctching the first bufller layer and the re-capping layer to
expose the third sacrificial spacer layer; and
trimming the third sacrificial spacer layer to expose the
second sacrificial spacer layer.
17. The method of claim 12, wherein the etching of the
second spacer layer comprises:
forming a second bufler layer over the second spacer
layer;
ctching the second bu
spacer layer; and
ctching the second spacer layer to form the second spacer.
18. A method for fabricating a semiconductor device,
comprising:
forming a conductive structure over a substrate, the con-
ductive structure including a first plug and a conductive
line over the first plug;
forming a dielectric plug at both sidewalls of the first
plug, the dielectric plug including a sacrificial liner, the
sacrificial liner having a first thickness;
forming a spacer at both sidewalls of the conductive line,
the spacer including a sacrificial spacer, the sacrificial
spacer having a second thickness;
forming a first air gap at the both sidewalls of the
conductive line by removing the sacrificial spacer; and
forming a second air gap at the both sidewalls of the first
plug by removing a part of the sacrificial liner,
wherein the second thickness of the sacrificial spacer 1s
larger than the first thickness of the sacrificial liner.
19. A method for fabricating a semiconductor device,
comprising;
forming a conductive structure over a substrate, the con-
ductive structure including a first plug and a conductive
line over the first plug;
forming a dielectric plug at both sidewalls of the first
plug, the dielectric plug including a sacrificial liner, the
sacrificial liner having a first thickness;
forming a spacer at both sidewalls of the conductive line,
the spacer including a sacrificial spacer, the sacrificial
spacer having a second thickness;
forming a first air gap at the both sidewalls of the
conductive line by removing the sacrificial spacer;
forming a second air gap at the both sidewalls of the first
plug by removing a part of the sacrificial liner; and
forming a second plug betfore the forming of the first air
£ap,
wherein the second plug includes a lower part and an
upper part,
wherein the lower part 1s adjacent to the first plug,
wherein the upper part 1s adjacent to the conductive line,
and
wherein the spacer and the dielectric plug are between the
upper part and the conductive line.

ler layer to expose the second
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